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Abstract: Imbalance of Aβ production and Aβ removal leads to Aβ accumulation. Aβ degrading enzyme (including 
neprilysin-NEP, endothelin converting enzyme-ECE) as a therapeutic strategy for lowering brain Aβ deposition has 
attracted increasing attention. In this study, we investigated alteration of age and region-dependent in APP/PS1 
double transgenic mice (3, 6, 9, 12 months) and their age-matched wild type mice including the ability of spatial 
memory, Aβ deposits, the protein expression, location and activity of NEP and ECE. Our data demonstrated that, as 
compared with wild type mice, APP/PS1 mice displayed significant cognitive deficit at 9 month revealed by obviously 
longer in the latency and distance to find the platform and shorter in time spent and swimming distance  in the tar-
get quadrant. Aβ40 and Aβ42 levels exhibited a significant increase with age in the cerebral cortex and hippocampus 
of APP/PS1 mice after 6 month, compared with their age-matched wild type mice. And Aβ42 levels were significantly 
higher than Aβ40 levels in the same age of APP/PS1 mice. Furthermore, NEP protein and activity displayed a marked 
decrease with age in the cerebral cortex and hippocampus of APP/PS1 mice older than 6 month. Slightly different 
from NEP, ECE protein was up-regulated with age, while ECE activity showed a significantly decrease with age in 
cortex and hippocampus of APP/PS1 mice older than 6 month. Double immunofluorescence staining also demon-
strated that ECE and NEP highly colocalized in cytoplasmic and membrane, and ECE immunoreactivity tended to 
increase with age in APP/PS1 mice, especially 12 month APP/PS1 mice. Correlation analysis showed the negative 
correlation between enzyme (NEP or ECE) activity and Aβ levels in the cerebral cortex and hippocampus of APP/PS1 
mice, which was correlated with Aβ accumulation. These results indicate NEP rather than ECE plays more important 
role in resisting Aβ accumulation. The compensatory upregulation of NEP and ECE could balance Aβ metabolism 
and protect neuronal functions in infant and juvenile mice. These evidence might provide some clues for the treat-
ment of Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is the most common 
neurodegenerative disease, which is character-
ized by early and progressive cognitive impair-
ment and memory loss [1-5]. According to the 
statistics, currently over 46.8 million aged peo-
ple worldwide are suffering from AD [6]. It’s pre-
dicted that AD patients will be doubled every 
20 years and reach to 131.5 million by 2050 
[6]. The main histological hallmarks of AD is 
senile plaques of beta-amyloid (Aβ), neurofibril-
lary tangles and cholinergic neuronal loss [7, 
8]. The pathological mechanisms involving in 
AD remains unclear and are extensively debat-

ed [4, 9]. The imbalance between the Aβ pro-
duction and removal contributes to the abnor-
mal Aβ accumulation, which is triggering 
neuronal dysfunction and death [4]. Although 
the abnormal production of Aβ in the brain plays 
a vital role in the pathogenesis of the familial 
Alzheimer’s disease, there is little evidence that 
demonstrated overproduction of Aβ is impor-
tant for the absence of Aβ deposition in the 
aging and sporadic AD [10, 11].

In the past decade, several proteases have 
been demonstrated to be capable of degrading 
Aβ in vitro and in vivo, including neprilysin (NEP), 
endothelin converting enzymes (ECEs, includ-
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ing ECE-1, ECE-2), insulin degrading enzyme 
(IDE) [3, 4, 12, 13]. While it has been reported 
that NEP plays a key role in regulating the 
steady-state level of Aβ in brain [14].

NEP, also called CD10, EC3.4.24.11, neutral 
endopeptidase [4, 15], is a membrane-bound 
protein with a 80-110 kDa of molecular weight 
depending on differences in its glycosylation 
[16-18], which could cleave several biologically 
active peptides including bradykinin, endothe-
lins and Aβ [13, 19]. As a member of M13 zinc 
metalloendopeptidase family, NEP is widely 
expressed in many tissues, especially in the 
brush-border of intestinal and renal tubular epi-
thelial cells [4, 20]. In the nervous system, NEP 
is localized at pre- and post-synaptic mem-
branes and is ubiquitously expressed in brain 
regions relevant to amyloid accumulation, such 
as hippocampus and association cortex which 
may participates in regulating the neuropeptide 
signaling [21, 22]. Infusion of a specific NEP 
inhibitor- thiorphan into rat hippocampus, 
resulted in the elevation of endogenous Aβ lev-
els. On the other hand, upregulating NEP 
expression led to reduction in Aβ peptide lev-
els, attenuation of amyloid plaques, oxidative 
stress, inflammation, and decrease of memory 
impairment in AD transgenic mice [23, 24].

Endothelin-converting enzymes ECE-1 and 
ECE-2 are close homologous of NEP belongs to 
type II integral membrane zinc metalloendo-
peptidases. ECEs is widely exist in human brain 
and has the ability to degrade Aβ in an acidic 
pH optimum intracellular compartments [25]. 
In vitro, ECE-1 over-expression in the cells that 
lacked endogenous expression caused a highly 
decrease in the accumulation of Aβ. On the 
contrary, Aβ accumulation was significantly 
increased when cells that expressed ECE was 
treated by the metallo-protease inhibitor phos-
phoramidon [26].

Although both NEP and ECE were capable of 
degrading Aβ, their expression, changing and 
interaction in the progression and development 
of AD has much less been studied. Previously, 
we found ECE expression increased along with 
reducing the expression of NEP in Alzheimer’s 
brain [27]. Meanwhile, the levels and activity of 
NEP or ECE were significantly increased when 
SH-SY5Y cells were treated with HNE or Aβ [25, 
28]. Recently evidence indicated that ECE1 pro-
tein expression was elevated in young 5XFAD/

NEP+/- as well as hemi- and homozygous NEP 
knockout mice [29]. These results suggested 
that certain relationship and interaction might 
exist between NEP and ECE, and Aβ might be a 
potential regulatory factor. However, early diag-
nosis of clinical sporadic AD is pretty difficult 
and usually found in advanced stages, which 
makes hard to observe the progression and 
pathogenesis of AD. Thus we used APP/PS1 
transgenic mice, a model of AD, to explore the 
alteration of NEP and ECE with age, with wild 
type (WT) mice as control. Herein, we investi-
gated the ability of spatial memory, Aβ40 and 
Aβ42 levels, and the changes in the expression, 
colocalization and enzyme activity of NEP and 
ECE with age in the cerebral cortex and hippo-
campus of APP/PS1 double transgenic mice 
and their age-matched WT mice. 

Material and methods

Animals

The APPswe/PS1dE9 double transgenic mice, 
which are on C57BL/6 background, were 
obtained from Jackson Laboratory. These 
transgenic mice carry a chimeric human amy-
loid precursor protein (HuAPP695swe) and 
human mutant presenilin-1 with the exon-9 
deletion (PS1-dE9) under control of the mouse 
prion protein promoter and produce increasing 
amounts of amyloid deposits in the brain as 
well as develop cognitive deficits with age [30]. 
Experimental mice were generated by crossing 
male APP/PS1 mice to wild type C57BL/6 
female mice, followed by PCR analysis of tail-
derived DNA for the presence of the APP, PS1 
transgene. The male transgenic APP/PS1 mice 
aged 3, 6, 9, 12 month and their age-matched 
male WT mice were used in the present study. 
Animals were housed at a temperature of 
20-25°C, relative humidity of 50-60%, and a 
12:12 hour reverse light: dark cycle environ-
ment with free access to food and water. All 
experimental procedures conformed to the 
guidelines of Care and Use of Laboratory 
Animals of China for animal experimentation.

Morris water maze

Morris water maze study was performed 
according to Morris’ protocol [31]. Briefly, each 
cohort of animals (6 M and 9 M WT mice, n=9, 
each group; 6 M old APP/PS1 mice, n=6; 9 M 
old APP/PS1 mice, n=9) was trained to find the 
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submerged platform that was invisible by the 
addition of white floater in a 1.2 m diameter 
pool filled with colorless, non-toxic water (23-
25°C, 50 cm deep). The experimental condi-
tions and environment during behavioral test 
remain constant.

Animals were allowed to orient themselves 
using distal and spatial clues available in the 
testing room only. Mice were training two trials 
per day for 7 consecutive days using a platform 
raised above the surface of the water. If a 
mouse failed to find the platform within 60 s, 
the training was terminated. The animal was 
guided to it by the experimenter and allowed to 
remain the platform for 20 s. On the eighth day, 
the platform was removed and a probe trial for 
memory retention was performed by allowing 
the mice to swim freely in the pool for 60 s. 
Mice were monitored by a camera above the 
pool and all trials were recorded using an 
AntiLab water maze program for subsequent 
analysis of time to reach the platform location 
(latency), swimming speed, path length, and 
time spent in target quadrant during probe tri-
als. The data were analyzed by two-way ANOVA.

Tissue preparation

WT and APP/PS1 mice were deeply anesthe-
tized with 10% chloral hydrate (5 μl/g, i.p.) and 
transcardially perfused with 20 ml ice-cold 
saline solution (pH 7.4) and 10 ml 4% parafor-
maldehyde (PFA) in phosphate buffered saline 
(0.1 M sodium phosphate, 0.15 M sodium chlo-
ride, PBS, pH 7.4). The brains were removed 
and fixed in 4% PFA overnight at 4°C. After fixa-
tion, the brain tissue was dehydrated in 15% 
sucrose and 30% sucrose at 4°C, respectively. 
The tissues were then cut into 20 μm thick sec-
tions with a Leica cryostat microtome at -20°C 
and free-floating sections were collected in 
PBS. Sections of 20 μm thick were mounted on 
gelatin-coated slides and stored at -80°C, fol-
lowed by processing for immunofluorescent 
staining. In addition, for biochemical analysis, 
the brains of WT and APP/PS1 mice were quick-
ly removed on ice after decapitation. Cortex 
was separated, snap-frozen in liquid nitrogen 
and stored at -80°C.

Measurement of Aβ peptides in brain tissues 
by ELISA

The cortical Aβ40 and Aβ42 levels of mice in dif-
ferent months of age were measured according 

to the protocol described previously [32]. 
Briefly, the cerebral cortical or hippocampal tis-
sue were homogenized in ice-cold guanidine 
buffer (5.0 M guanidine HCl/50 mM Tris.HCl, pH 
8.0) (weight: volume=1:15). The homogenates 
were aliquoted and stored at -20°C until assay. 
For the Aβ ELISA assay, the brain homogenates 
were further diluted at 1:10 with ice-cold reac-
tion buffer (5% BSA, 0.03% Tween-20 in PBS, 
pH 7.4), centrifuged at 16,000×g for 20 min at 
4°C, and the supernatant fractions were col-
lected. The levels of Aβ40 and Aβ42 were deter-
mined employing the commercially available 
human Aβ40 and Aβ42 ELISA kits (Invitrogen) 
according to the manufacturer’s instructions. 
Plates were read at 450 nm using Enspire 
Multimode Reader (Perkin Elmer). Data ob- 
tained in brain homogenates were expressed 
as pictograms of per micrograms of total pro-
tein (pg/μg protein). Protein content of brain 
homogenates was determined by using a 
Bradford protein assay kit (Beyotime, China) 
[33, 34]. Analyses were always performed in 
duplicate.

Western blot

Brains (cortex or hippocampus) were isolated 
at 3, 6, 9, 12 month from APP/PS1 and the age-
matched WT mice. Brains tissues were weight-
ed and homogenized in lysis buffer (containing 
50 mM pH 7.5 Tris·HCl, 20 mM EDTA, 1% NP-40, 
150 mM NaCl, 0.1% SDS, 0.25% sodium deoxy-
cholate) supplemented with 1 x PMSF and pro-
tease inhibitor cocktail (Sigma-Aldrich). Sam- 
ples with equal amount of proteins were loaded 
to a 10% SDS-PAGE gels and electrophoresed. 
Separated proteins were transferred to 0.45 
μm polyvinylidene difluoride (PVDF) mem-
branes (Millipore). Membranes were blocked in 
5% nonfat dry milk in TBST (Tris-buffer saline, 
0.05% Tween-20) for 1 hour, then incubated 
with antibody against NEP (1:1000, Abcam, 
Cambridge, UK), ECE-1 (1:2500, R&D system, 
Minneapolis, USA; 1:100, Santa Cruz Tech- 
nology, Santa Cruz, USA) and GAPDH (1:5000, 
Kangchen, Shanghai, China) overnight at 4°C. 
After three washes (8 min each) with TBST, the 
primary antibody-bound proteins were revealed 
using HRP-conjugated anti-mouse or anti-goat 
secondary antibodies (1:5000, Santa Cruz 
Technology) at RT for 2 hour. The protein sig-
nals were detected using the ECL western blot-
ting detection system (Millipore) and BioImaging 
System (DNR Lumi BIS, Jerusalem, Israel). The 
bands’ density of NEP, ECE were quantified 
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using Image J software, and normalized to the 
optical density of GAPDH on the same gel.

Double immunofluorescence staining and 
imaging analysis

The brain sections (20 μm thickness) attached 
to gelatin-coated slides were fixed for 20 min 
with 4% PFA and washed extensively with PBS 
(pH 7.4). After antigen retrieval by microwaving 
tissues in 0.01 M citrate buffer (pH 6), sections 
were incubated for 1 hour in PBS containing 5% 
BSA and 0.3% Triton X-100 to block non-specif-
ic binding, and then incubated with primary 
anti-NEP (1:25, Abcam, Cambridge, UK) and 
anti-ECE-1 (1:25, Santa Cruz Technology, Santa 
Cruz, USA) at 4°C overnight in a humidity cham-
ber. After three 5 min’s washing with PBS, sec-
tions were incubated with Alexa Fluor® 488 
donkey anti-goat IgG (H+L) (1:500, Invitrogen, 
California, USA) and Alexa Fluor® 594 donkey 
anti-mouse IgG (H+L) (1:500, Invitrogen, 
California, USA) for 2 hour at RT. After rinsing 
with PBS, the nuclei of sections were counter-
stained with Hoechst 33342 solution (1 μg/ml, 
Beyotime, China) for 10 min. The cellular local-

ization of NEP and ECE was observed by laser 
scanning confocal microscopy (Nikon, Japan) 
and analyzed by Image-Pro Plus 6.0 to obtain 
integrated optical density (IOD) and area of 
interest (AOI). The data was expressed as the 
average optical density (IOD/AOI). To quantify 
the colocolization of NEP and ECE positive 
staining, the analysis of Manders’ overlap coef-
ficient (MOC) and Pearson’s correlation coeffi-
cient (PCC) were performed using Image-Pro 
Plus 6.0.

Enzymatic activity assay

Fluorescence resonance energy transfer assay 
was performed to determined NEP and ECE 
activity using black 96-well plates [27]. Mice 
cerebral cortex or hippocampus from APP/PS1 
and age-matched WT mice at 3, 6, 9, 12 month 
were homogenized in ice cold phosphate-buff-
ered saline (0.1 M PBS, pH 7.4) containing pro-
tease inhibitor cocktail (Sigma-Aldrich, 100×) 
and 1 mM PMSF, and grinded thoroughly with a 
portable homogenizer. Then samples were 
diluted to the desired concentrations by addi-
tion of 0.1% Triton-X-100 in PBS, and incubated 

Figure 1. Spatial learn-
ing and memory deficits 
in APP/PS1 mice. A and 
B: Latency and distance 
in the target quadrant 
during training stage; C 
and D: Time spent and 
swimming distance in the 
target quadrant in Probe 
trial; E-H: The swim-track-
ing path of WT mice and 
APP/PS1 mice at 6 and 
9 months of age in Probe 
trial, respectively. 6 M WT 
mice: n=9; 9 M WT mice: 
n=9; 6 M APP/PS1 mice: 
n=6; 9 M APP/PS1 mice: 
n=9. *P<0.05, **P<0.01, 
***P<0.001 as compared 
with WT mice group.
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on ice for 30 min. Fluorogenic peptide sub-
strate (10 μM, 50 μl, Mca-RPPGFSAFK-[Dnp]-
OH, R&D Systems) dissolved in HEPES buffer 
(pH 7.4) was added to each well after incubated 
in the presence or absence of thiorphan (10 
μM, NEP specific inhibitor) for 10 min at RT. 
After another 30 min’s incubate at RT, fluores-
cent intensity was read with excitation at 320 
nm and emission at 405 nm on the Enspire 
Multimode reader. The protein concentration of 
each sample was measured using a Bradford 
protein assay kit (Beyotime, China).

ECE activity was also determined by fluorogenic 
peptide substrate Mca-RPPGFSAFK (Dnp)-OH 
with or without ECE inhibitor, phosphormidon 
(10 μM, Sigma). ECE and NEP activity were both 
highly pH dependent. There was higher activity 
in phosphormidon inhibition of ECE but no NEP 
activity at pH 5.8. Therefore, the inhibition of 
ECE was represented by the inhibition by phos-
phoramidon at pH 5.8.

Statistical analysis

Statistical analysis was carried out using SPSS 
16.0. All data in the figures were expressed as 
mean ± standard error (SEM) and analyzed by 
one-way ANOVA followed by Student’s t test. 
The data of Morris water maze was analyzed by 
two-way ANOVA. Linear regression analysis was 
used to evaluate relations between variables. 
Statistical significance level was defined as 
P<0.05.

Results

APP/PS1 mice revealed an age-dependent 
cognitive deficits

To evaluate spatial memory, we tested learning 
and retention of a Morris water maze in WT 
mice and APP/PS1 mice with 6 and 9 months of 
age. Analysis of latency data across the 7 days 
of training revealed longer escape latencies 
and distance in 9 month of APP/PS1 mice 
(Figure 1A and 1B), an overall cognitive loss 
was observed in APP/PS1 mice, especially in 9 
month’s group, when compared to WT mice 
(F(3.24)=53.184, P<0.001). Probe trials were 
performed at the eighth day to test memory 
retention. As expected, compared to their age-
matched WT mice, 9 month of APP/PS1 mice 
exhibited a significant learning impairment 
(P<0.01) as indicated by a statistically signifi-
cant reduction in time spent and swimming dis-
tance in the target quadrant (P<0.001) (Figure 
1C and 1D). These data demonstrated that 9 
month APP/PS1 mice had a significantly cogni-
tive deficits when compared to their age-
matched WT mice (Figure 1A-H).

Aβ levels increased with age in the brains of 
APP/PS1 mice

We measured and quantified Aβ40 and Aβ42 
level in the brain cortex and hippocampus of 
APP/PS1 mice at 3, 6, 9, 12 month and their 
age-matched WT mice. In cortex, compared to 
WT mice, no significantly difference in Aβ40 and 

Figure 2. Levels of Aβ40 and Aβ42 in the cerebral cortex and hippocampus from different months of APP/PS1 and 
their age-mateched WT mice (3, 6, 9, 12 M). A: The levels of Aβ40 and Aβ42 in the cerebral cortex. B: The levels of 
Aβ40 and Aβ42 in the hippocampus. APP/PS1 mice group: 3 M, n=5; 6 M, n=5; 9 M, n=4; 12 M, n=5; WT group: n=4 
each age. **P<0.01, ***P<0.001 compared to WT mice; #P<0.05, ##P<0.01, ###P<0.001 vs their age-matched Aβ40.
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Aβ42 levels were detected in 3 month’s APP/
PS1 mice, while significant increase revealed 
when more than 6 month of age in APP/PS1 
mice. An up to 40% increase of Aβ40 and 55% of 
Aβ42 levels were observed, respectively (P< 
0.001) in 6 month’s APP/PS1 mice, and even 
higher (~90% and ~130% of Aβ40 and Aβ42) in 9 
month’s APP/PS1 mice (P<0.001) (Figure 2A). 
Meanwhile consistent with cortex, hippocam-
pal levels of Aβ40 and Aβ42 did not increase obvi-
ously in 3 month, but dramatically enhanced at 
6 month and higher at 9 and 12 month of APP/
PS1 mice when compared to WT mice (P<0.01, 
P<0.001) (Figure 2B). Similar treads in Aβ40 lev-
els both in cortex and hippocampus showed in 
Figure 2A and 2B (P<0.05, P<0.001).

Protein levels of NEP and ECE with age in APP/
PS1 and WT mice

Evidences suggested that several Aβ degrading 
enzymes contributed to Aβ degradation and 
clearance. Cortex and hippocampus were the 
region susceptible to amyloid accumulation [4, 
35]. In order to observe changes in NEP and 
ECE with age, we detected the NEP and ECE 
protein levels of cortex and hippocampus in 
APP/PS1 and the age-matched WT mice at 3, 6, 
9, 12 month using Western blotting. In the 
cerebral cortex and hippocampus, no age-relat-
ed changes in NEP and ECE protein levels were 
found in WT mice (3, 6, 9, 12 month) (Figure 3A 
and 3B). In APP/PS1 mice, however, NEP levels 

Figure 3. Alterations of NEP and ECE levels in the cerebral cortex or hippocampus of APP/PS1 and WT mice. A and 
B: Western blot was performed to analysis NEP and ECE protein expression in brain cortex and hippocampus. C-F: 
NEP and ECE levels were quantified by Image J software for each group. Experiments were repeated three times. 
*P<0.05, **P<0.01, ***P<0.001 vs 3 M APP/PS1 mice; #P<0.05, ##P<0.01, ###P<0.001 as compared with their age-
matched WT mice.
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Figure 4. Alterations of NEP and ECE colocalized in brain slices from APP/PS1 and WT mice. A: Images showing 
ECE and NEP immunoreactivity in 6 M WT mice (200×), staining with anti-ECE (green) (b, f, j, n, r, v) or anti-NEP 
(red) (c, g, k, o, s, w). The nuclei (a, c, i, m, q, u) were counterstained with Hoechst 33342. Scale bar=100 μm. B-F: 
Higher magnification views for 6 M WT, 3 M, 6 M, 9 M, 12 M APP/PS1 mice, respectively (600×). Scale bar =50 μm. 
Colocalization was determined by confocal imaging (d, h, l, p, t, x). G and H: Brain slices from various ages of WT 
mice and transgenic APP/PS1 mice for relative ECE and NEP average signal density (IOD/AOI) were measured and 
quantified using Image-Pro Plus 6.0 software, respectively. I and J: MOC and PCC were performed to analyze the 
colocalization of ECE and NEP. Error bars represent SD, n=3. *P<0.05, ***P<0.001 compared with 3 M WT or APP/
PS1 mice. #P<0.05, ##P<0.01 vs the age-matched WT mice.

showed a significant decrease with age, more 
obvious down-regulated appeared in hippo-

campus (P<0.05 at 12 month in cortex). 
Opposite to NEP, ECE protein significantly 
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increased in the cerebral cortex and hippocam-
pus as shown in Figure 3D and 3F (P<0.05, 
P<0.01, P<0.001). Notably, compared with 
their age-matched WT mice, NEP and ECE lev-
els did not significant difference at 3 month 
APP/PS1 mice, but APP/PS1 mice had signifi-
cant difference in ECE levels in the cerebral 
cortex after 6 month (P<0.05, P<0.01, P<0.001) 
(Figure 3D) and in the hippocampus at 9, 12 
month (P<0.001) (Figure 3F), and NEP levels 
showed a significantly decrease in the hippo-
campus of APP/PS1 mice after 6 month 
(P<0.01, P<0.001) (Figure 3E), although there 
was not reach statistic significant difference in 
NEP protein levels from APP/PS1 mice cortex 
(Figure 3C).

NEP protein highly colocalized with ECE in 
cytoplasm and membrane

Double immunofluorescence staining of corti-
cal tissue from various age of APP/PS1 and WT 
mice were performed to further investigate the 
subcellular location and relation of NEP and 

ECE during aging with Confocal fluorescence 
microscopy. Figure 4A-F showed representa-
tive confocal fluorescence images of WT and 
APP/PS1 mice at 3, 6, 9, 12 month. The density 
of ECE and NEP immunoreactivity were quanti-
fied by image analysis of the cerebral cortex 
(Figure 4b, 4c, 4f, 4g, 4j, 4k, 4n, 4o, 4r, 4s, 4v, 
4w). Merged images revealed NEP and ECE 
highly colocalized in cytoplasmic and mem-
brane (Figure 4d, 4h, 4l, 4p, 4t, 4x). In the cere-
bral cortex, quantified image analysis (Figure 
4G) showed a significant increase of ECE immu-
noreactivity in APP/PS1 mice at 12 month com-
pared with 3 month of APP/PS1 and WT mice 
(P<0.05), which was consistent with the above 
mentioned the results of Western blot. No sig-
nificant difference was observed in NEP immu-
noreactivity with age in APP/PS1 and WT mice 
(Figure 4H). MOC and PCC represented the true 
degree of colocalization and the correlation of 
the intensity distribution between two channels 
(NEP and ECE), respectively. The result showed 
MOC was up to 0.93 in different month of WT 
and APP/PS1 mice (Figure 4I), indicated a high 

Figure 5. NEP and ECE activity in the cerebral cortex or hippocampus of APP/PS1 and WT mice. A and B: NEP and 
ECE activity in the cerebral cortex of APP/PS1 and WT mice, respectively. C and D: NEP and ECE activity in the hip-
pocampus of APP/PS1 and WT mice, respectively. 3, 6 M WT and APP/PS1 mice: n=9, per group; 9 M WT and APP/
PS1 mice: n=8, per group; 12 M WT and APP/PS1 mice: n=10, per group. *P<0.05, **P<0.01, ***P<0.001 vs 3 M 
APP/PS1 mice or 6 M APP/PS1 mice; #P<0.05 as compared with their age-matched WT mice.
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colocalization between NEP and ECE. PCC anal-
ysis did not show significant difference among 
different months of WT mice, while a significant 
difference was found in APP/PS1 mice at 6-12 
month compared to 3 month’s APP/PS1 mice 
(Figure 4J). The PCC values of APP/PS1 mice 
were obviously lower at 3 month (P<0.01) but 
significant higher at 12 month (P<0.05) when 
compared to the same ages of WT mice.

NEP and ECE activity were decreased with age 
in APP/PS1 mice 

NEP and ECE enzymatic activity were deter-
mined in the cerebral cortex and hippocampus 
with a commercially available fluorogenic sub-
strate. In APP/PS1 mice, the significant de- 
creases of NEP and ECE catalytic activity with 
age were observed in the cerebral cortex 
(P<0.05, P<0.01, P<0.001) (Figure 5A and 5B). 
NEP and ECE activity in hippocampus, differ 
somewhat from cortex, were increased at 6 
month and then sharply decreased after 9 
month (P<0.05, P<0.01) (Figure 5C and 5D). 
Meanwhile, no significant difference with age in 
NEP and ECE activity was found in WT mice. 

Compared with their age-matched WT mice, 
APP/PS1 mice had a significant decrease in 
NEP activity in the cerebral cortex after 6 month 
(P<0.05) (Figure 5A), similar to the results of 
ECE activity in the cerebral cortex at 9 month 
(Figure 5B). As showed in Figure 5C and 5D, a 
significant difference in NEP and ECE activity 
were observed in the hippocampus between 6 
month APP/PS1 mice and 6 month WT mice.

NEP and ECE activity is inversely correlated 
with Aβ levels

To evaluate the potential role of NEP and ECE in 
the clearance of Aβ, we analyzed the correla-
tion between Aβ levels and NEP as well as ECE 
activity in the cerebral cortex and hippocampus 
during aging in APP/PS1 mice. A significant neg-
ative correlation was found between Aβ40 or 
Aβ42 levels and NEP or ECE activity in the cere-
bral cortex of APP/PS1 mice (Figure 6A and 
6B). A similar trend of a negative relationship 
between NEP or ECE activity and Aβ40 or Aβ42 
levels in the hippocampus of APP/PS1 mice 
(Figure 6C and 6D). Among Aβ40 or Aβ42 levels in 
the cerebral cortex seemed to correlate better 

Figure 6. Relationship between NEP or ECE activity and Aβ levels in the cerebral cortex and hippocampus of APP/
PS1 mice. A and B: Correlation analysis between NEP or ECE activity and Aβ40 or Aβ42 levels was observed in the 
cerebral cortex of APP/PS1 mice, respectively. (R2=0.7184, P<0.0001 and R2=0.6330, P<0.0001; or R2=0.6853, 
P<0.0001 and R2=0.6081, P=0.0001). C and D: Correlation analysis between NEP or ECE activity and Aβ40 or Aβ42 
levels was observed in the hippocampus of APP/PS1 mice, respectively. (R2=0.7184, P<0.0001 and R2=0.6330, 
P<0.0001; or R2=0.6853, P<0.0001 and R2=0.6081, P=0.0001).
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than their relative levels in the hippocampus to 
NEP and ECE activity.

Discussion

Alzheimer’s disease is a progressive disease 
and characterized by cognitive deficits and 
impair motor abilities clinically. Although the 
pathogenesis of AD remains unclear and are 
extensively debated [4, 36], most attention has 
still considered that Aβ metabolism plays a 
major role in AD development [4, 13].

In our study, Morris water maze was performed 
to evaluate the cognitive function of APP/PS1 
and WT mice. As previous studies, APP/PS1 
mice revealed obvious cognition deficits at 9 
month, showing significant decrease in the 
time spent and swimming distance in the target 
quadrant when compared to WT mice during 
probe trial (Figure 1). The cerebral cortex and 
hippocampus was the regions susceptible to 
amyloid accumulation [4, 21]. Thus, we exam-
ined the levels of Aβ40 and Aβ42 in the cerebral 
cortex and hippocampus of APP/PS1 and WT 
mice. Both of Aβ40 and Aβ42 levels exhibited a 
significant increase with age in APP/PS1 mice. 
Aβ40 and Aβ42 levels in the cerebral cortex and 
hippocampus increased gradually in APP/PS1 
mice older than 6 month of age, where Aβ40 lev-
els increased approximately 40% and 90%, and 
Aβ42 levels were about 50% and 130% 
enhanced in the cerebral cortex (Figure 2A). 
Moreover, Aβ40 and Aβ42 levels in the hippocam-
pus of APP/PS1 mice displayed a similar to the 
results of the cerebral cortex (Figure 2B). In 
addition, Aβ42 has been reported constituted 
the vast majority of the deposition of Aβ in brain 
[32, 37, 38]. Agree with the other’s reports, lev-
els of Aβ42 were significantly higher than Aβ40 in 
the same age of APP/PS1 mice cortex and hip-
pocampus after 6 month in our study (Figure 
2), implied the importance of Aβ42 in amyloid 
deposition [20, 32]. These data showing the 
typical characteristics of Alzheimer’s disease 
demonstrated the mouse model mimics human 
AD pretty well.

Evidences have demonstrated that the role of 
Aβ degradation is an important process in Aβ 
clearance [39-42]. Until now, as Aβ degrading 
enzyme, NEP and its homologs ECE have been 
caused extensively concern. NEP and ECE lev-
els and activity correlated well with Aβ accumu-
lation and the sporadic AD [3, 6, 12, 43], and 
data in vitro and in vivo revealed Aβ is a physi-

ologically relevant substrate of NEP and ECE [6, 
24]. Previously we found that mRNA, protein 
and activity of NEP were decreased, whereas 
ECE-1 mRNA, protein and activity tended an 
increase in AD patients [27]. Here, we indicated 
age- and region-related alternations in the lev-
els of NEP and ECE in the cerebral cortex and 
hippocampus. NEP protein and activity in the 
cerebral cortex and hippocampus was signifi-
cantly decrease in the APP/PS1 mice older than 
6 month of age (Figures 3A and 3B, 5A and 
5C), which highly matched the increase of Aβ 
indicated by Western blotting, immunofluores-
cence staining and ELISA assay. Meanwhile, 
ECE protein expression was up-regulated with 
age in APP/PS1 mice elder than 6 month 
(Figure 3A and 3B), while ECE activity displayed 
an increase at 6 month and then reduced both 
in cortex and hippocampus. For APP/PS1 trans-
genic mice, overproduction of Aβ play the key 
role in the Aβ deposits. The Aβ degrading 
enzymes, however, play crucial roles to resist 
the Aβ deposit. As we speculated, there was no 
Aβ increase in the APP/PS1 brains younger 
than 3 month. Meanwhile, a significant increase 
of ECE protein and activity was detected which 
can compensated resist the accumulation of 
overproduced Aβ. These data is consistent with 
our previous study in AD patients [27]. In addi-
tion, double immunofluorescence staining also 
demonstrated NEP and ECE highly colocalized 
in cytoplasmic and membrane (Figure 4I and 
4J), and consistent with ECE protein expres-
sion, the statistically analysis showed ECE 
immunoreactivity were dramatically increased 
with age in APP/PS1 mice (Figure 4), but no sig-
nificant changes in NEP immunoreactivity.

Furthermore in vitro study revealed that NEP 
and ECE mRNA, protein and activity were sig-
nificantly up-regulated by treatment with HNE 
or Aβ in cultured SH-SY5Y cells. Oxidative modi-
fication of Aβ degrading enzymes could some-
what inactivate their activity [25, 28], which 
might explain the evidence that ECE protein 
increased significantly but activity decreased in 
present study. Moreover, correlation analysis 
between NEP or ECE activity and Aβ40 or Aβ42 
revealed significant negative correlations both 
in the cerebral cortex and hippocampus of APP/
PS1 mice, implying the significance of NEP and 
ECE activity in the Aβ accumulation in AD mice, 
and NEP may play more important role in the 
AD progression.
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In conclusion, NEP rather than ECE plays more 
important role to resist Aβ accumulation which 
compensatory secured of Aβ metabolism and 
normal neuronal functions in infant and juve-
nile mice, and might provide a clue for 
Alzheimer’s disease treatment.
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